A temperature gradient in a continuous fluid induces the motion of dispersed micro-and nanoparticles even when the fluid is motionless. This phenomenon is known as thermophoresis, and it is expected to be the basis for techniques to control particle motion. In this study, we use the thermophoresis of microand nanoparticles in a microchannel filled with an aqueous solution to control the particle motion near the inlet of a sudden contraction, which is a narrower channel connecting two wider channels. Microfluidic devices with sudden contractions are widely used to develop various devices with micro-and nanometer dimensions, such as nanopore sensors. A near-infrared laser is used to create a strong temperature gradient of O(10 6 ) K m −1 and induce thermophoresis of micro-and nanoparticles. Because the heating by the laser irradiation is localized near the inlet of the contraction, this configuration is useful for controlling particle translocation into and through the contraction. We characterize our experimental setup by quantifying flow and temperature fields near the contraction channel using particle image velocimetry and laser-induced fluorescence, respectively. Then, we observe the obstruction of the particle translocation into the contraction channel induced by the laser-induced thermophoresis for various parameters such as channel dimensions, flow speeds, particle sizes, and laser powers. Near the inlet of the contraction channel, the counterbalance of thermophoretic force and flow drag leads to the ringlike pattern formation of the particle distribution. Moreover, we carry out some demonstrations using the proposed system to selectively translocate particles and enhance the sensing performance due to increased particle density. Thanks to the noncontact nature of laser-induced thermophoresis, the integration of our method into existing microfluidic devices is feasible and expected to improve technologies for manipulating particles in fluids.
I. INTRODUCTION
Transport of molecules and micro-and nanoparticles in confined spaces such as micro-and nanofluidic channels is widely exploited in the development of lab-on-achip devices for biomedical applications [1] . In particular, sudden contractions (i.e., abrupt constrictions) are often fabricated in these devices [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] to equip them with narrower channels, which are connected to wider channels, with specific functions such as sensing or filtering. Because the target objects usually have excess electric charge in a solution, most devices use electrokinetic approaches [2, [4] [5] [6] [7] 12] ; that is, a voltage drop is applied through the fluid channels to control the motion of small objects in the * tsuji@me.es.osaka-u.ac.jp † kawano@me.es.osaka-u.ac.jp
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narrower channels. Such an approach works well because the contraction geometrically enhances the nonuniformity of the electric potential by concentrating the lines of electric force, which is necessary for electrophoretic or dielectrophoretic manipulation of the targets. However, if a mixture of particles with similar electric properties is considered (e.g., similar sizes and surface charge densities), the electrokinetic approach is insufficient for achieving selective particle manipulation. In the present paper, we propose an alternative manipulation technique based on the nonuniformity of the temperature field of a solution and give additional parameters toward the selective manipulation of micro-and nanoparticles.
A temperature gradient in a continuous solution induces motion in dispersed target objects even when the solution is motionless. Such a transport phenomenon is called thermophoresis as reviewed in Refs. [13] [14] [15] . Thermophoresis has been investigated to manipulate biomolecules [16] [17] [18] [19] [20] [21] [22] and cells [23] , as well as colloids for more fundamental investigations [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] . It can also be applied to the concentration of DNA [41] or the measurement of protein binding [42, 43] . An interesting point of thermophoretic Table I . A pressure difference between the inlet and outlet is maintained at P, resulting in a steady flow of a sample solution containing particles through the microchannel. (b) Side view (section A-A ) of the experimental setup. The microchannel is observed from underneath with a microscope objective lens. The sample solution is irradiated by laser and fluorescence excitation light through the same lens.
manipulation, although its mechanism has not been fully understood yet, arises from the fact that the thermophoretic characteristics are sensitive to the physical properties of target objects and the solvent in which they are immersed. In other words, the direction of thermophoretic motion can be tuned independently of electrophoretic or dielectrophoretic characteristics, such as surface charge density or electric permittivity. Theoretical studies to elucidate thermophoretic characteristics have been conducted using molecular dynamics simulation [44] [45] [46] , mesoscale simulation [47] , and hydrodynamic or kinetic approaches [15, [48] [49] [50] [51] [52] .
Given such a growing interest in thermophoretic manipulation, some fundamental characterizations of thermophoresis near the contraction channels are necessary for further improvement of the manipulation technique. This study aims to carry out a systematic characterization of thermophoresis for translocating micro-and nanoparticles through contractions based on our previous study of thermophoresis in a microchannel [39] . We use a nearinfrared laser focused on the entrance of the contraction channel to heat the solution locally. The laser heating creates a strong temperature gradient of O(1) K μm −1 , which induces the thermophoresis of micro-and nanoparticles near the contraction and thus controls the particle motion there. We further carry out some demonstrations using the proposed method to show selective particle translocation and enhancement of sensing performance due to increased particle density. Such demonstrations reveal a noncontact method with simple fabrication that can be integrated into existing microfluidic devices easily and can improve particle-velocity control in micro-and nanoscale channels.
Finally, we close this section by introducing to readers one successful application of a microfluidic channel with a sudden contraction, a nanopore sensor. The device uses electrical sensing to detect and/or identify polymers or larger biomolecules, such as DNA bases [53] [54] [55] [56] [57] [58] [59] , by translocating them into the nanopore part, which can be considered as the sudden contraction. In the detection process, the velocities of targets through the nanopore are important because the velocity-control performance is directly related to the sensor accuracy. Various velocity-control techniques have been applied inside the nanopore [60] [61] [62] : tethering a protein larger than the nanopore diameter to prevent fast translocation [63, 64] , coating nanopore walls with counteractive charges [65, 66] or polymers [67] , using active feedback control with an applied voltage [68] , decreasing the temperature to increase the viscosity of the solvent [69] , and inplane guiding of targets via dielectrophoresis by AC electric fields at the nanopore entrance [70] . However, most of these techniques need highly sophisticated fabrication apparatuses and experimental skills. These difficulties usually result in a challenging trial-and-error process, a low yield rate, and widely varying device performance. Therefore, alternative control methods are needed to achieve more feasible engineering applications. The use of thermophoresis to control the motion of a DNA base near nanopores has been proposed using numerical simulation [71] [72] [73] and a recent nanopore experiment [74, 75] . We expect that the quantitative evaluation of thermophoreticmanipulation characteristics near a sudden-contraction microchannel, as performed in this study, will be a reference study toward the design of nanopore sensors.
II. EXPERIMENTAL SETUP

A. Overview
First, we provide an overview of the experiments, all of which are conducted at room temperature, specifically, 298.5 ± 1.3 K. We use a microchannel of width W 1 = 1.5 mm and height H , which has a sudden contraction to a width W = 10 μm and length L, as shown in Fig. 1 . We investigate three microchannel configurations by changing the values of H and L, as summarized in Table I in Sec. II B. The Cartesian coordinate system is defined with the origin placed at the entrance of the contraction. The microchannel is filled with an 044005-2 aqueous solution containing particles with diameter d. The inlet and outlet are connected to reservoirs that are open and exposed to atmosphere. Thus, the pressure P at the inlet and outlet is maintained at the atmospheric pressure P 0 . We induce a pressure-driven flow in the microchannel by lifting the inlet chamber by h using a microstage (HPS60-20X, Sigma Koki, Tokyo, Japan) with a resolution of h min = 1 μm.
In this way, a water-level difference h is generated between the inlet and outlet chambers. In other words, the total pressure P at the inlet is given by P = P 0 + P, where P = ρg h, in which ρ = 10 3 kg m −3 is the density of water and g = 9.8 m s −2 is the acceleration of gravity. Note that the above setup can control the pressure difference with an accuracy of P = P min ≈ 10 −2 Pa. As shown in Fig. 1(b) , the microchannel is observed from underneath through an objective lens (×100 magnification, NA = 0.85, LCPLN100XIR, Olympus, Tokyo, Japan) and images are recorded with a CMOS camera (Zyla 5.5, Andor Technology, Belfast, Northern Ireland). As described in Sec. II C, the laser and excitation light are transmitted through the same objective lens. The laser's purpose is to induce a temperature increase and the excitation light enables fluorescence observation of particle movement and position. The optical axis of the laser is along the z direction and is set at the origin as shown in Fig. 1(b) .
B. Microfluidic device
The microfluidic device used here is fabricated by bonding a polydimethylsiloxane (PDMS) block (SYLGARD 184, Dow Corning Toray Co., Ltd, Tokyo, Japan) and a glass substrate (24 × 36 mm 2 No. 1, Matsunami Glass Co. Ltd., Osaka, Japan). Before bonding, the surfaces of the PDMS block and the glass substrate are cleaned with a corona treatment (BD-20AC, Electro-Technic Products, Chicago, USA) to enhance the adhesion. The wider parts of the microchannel with width W 1 = 1.5 mm are prone to collapse because of their low aspect ratio, that is, H /W 1 < 6 × 10 −3 . To avoid this collapse, cylindrical arrays made of PDMS, which are not shown in Fig. 1(a) , are placed as columns in the wider parts of the microchannel. The diameter of each column is 100 μm; the distance between the column centers is 400 μm; and the distances of the columns from the origin, which is placed at the inlet of the sudden contraction as shown in Fig. 1(b) , are more than 300 μm. Therefore, all the columns are sufficiently distant from the test section, which is centered at the origin and has dimensions of 131 × 131 μm 2 . Their presence does not affect the flow behavior discussed in this paper.
The PDMS block is cast from a mold made from SU-8 photoresist with a fluid channel pattern. Details of the fabrication of the SU-8 mold are described in our previous study [39] . The PDMS block has two holes for the inlet and outlet, which are made with a biopsy punch (2.5 mm, BP-25F, Kai Industries Co., Ltd., Seki, Japan). Silicone tubes connect each of the holes to the inlet and outlet reservoirs, respectively. As described in Sec. II A, the water-level difference h between solutions in these two reservoirs is regulated to control the flows in the microchannel. The pressure-driven flow is assumed to have a steady state because the reservoirs have cross-sectional areas A res much larger than that of the contraction A = WH (see Table I ), that is, A/A res < 10 −6 . For example, to produce a decrease of h = h min = 1 μm with a typical flow speed of 10 μm s −1 through the contraction, it takes more than 50 h, which is much more than our typical experimental duration of 5 min.
We fabricate three configurations of microchannels and their dimensions are summarized in Table I . Device A has the smallest orifice structure, with L = 10 μm, while devices B and C are longer at L = 50 μm and L = 250 μm, respectively. The height H is measured by scanning the PDMS block using a laser displacement sensor (LK-H008W, Keyence, Osaka, Japan). In the present experiments, the estimation and control of flow fields near the contraction channel is important because the flow velocity of the aqueous solution determines the device performance. We theoretically estimate the magnitude of the flow based on the methods in [76, 77] , which are useful for evaluating steady-state pressure drops over microchannels. The details of the analysis are given in Appendix A, but we can summarize the obtained results as follows. The mean flow velocityū x in the x direction is calculated asū x = α P in the contraction, where α (m s −1 Pa −1 ) is the sensitivity of u x to P. Therefore,ū x,min = α P min is the resolution of the control of the flow speed in the contraction channel. The values ofū x,min are also presented in Table I . We can see that device A with smaller L has worse resolutionū x,min for flow control. That is, it is easier to precisely control the flow in device C and this design is used most often in our study. denotes the dichroic mirror to combine the laser with the excitation light; DM2, the dichroic mirror to separate the excitation light from the emitted fluorescent light; AF1, the absorption filter for the laser; AF2, the absorption filter for the excitation light; EF, the excitation filter; L1, L2, and L3, the planoconvex lenses for laser shaping; M1 and M2, the mirrors for laser alignment. PC, the personal computer to analyze the images obtained by the camera and synchronize the image acquisition and laser irradiation. Appropriate mirror units are used according to the excitation/fluorescence wavelength of the sample.
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C. Optical setup
The optical setup for laser irradiation and fluorescence observation is illustrated in Fig. 2 . A laser with a wavelength of λ = 1475 nm is used. The absorption coefficient β abs of λ = 1475 nm for an aqueous solution can be estimated as β abs = 2.5 × 10 3 m −1 [78] [79] [80] . This value of β abs is significantly greater than that commonly used for visible or infrared lasers; for example, β abs = 4 × 10
and β abs = 11 m −1 are obtained for λ = 532 nm and λ = 1064 nm, respectively. The energyq per unit time and per unit volume absorbed by the aqueous solution is described asq = β abs I , where I (W m −2 ) is the irradiated laser intensity and, thus, a laser with λ = 1475 nm is strongly absorbed by the water compared with lasers with shorter wavelengths.
A continuous infrared laser with λ = 1475 nm (FPLB-1475, FiberLabs Inc., Fujimino, Japan) is collimated and shaped through planoconvex lenses, as shown in Fig. 2 . The laser power after the objective lens is measured by a power meter (3A-QUAD, Ophir Optronics, Jerusalem, Israel). The positions of the planoconvex lenses are adjusted to maximize the laser power after the objective lens. In our optical setup, the laser power after the objective lens is 47.2 ± 0.3% of that at the laser driver. The laser is combined with excitation light from a mercury lamp (U-HGLGPS, Olympus, Tokyo, Japan) using a dichroic mirror (DM1) in the microscope and it irradiates the sample solution in the microchannel through the objective lens. Fluorescent light emitted by the sample solution is separated from other light by a dichroic mirror (DM2) and recorded by the camera. The obtained images are analyzed by a personal computer. A trigger signal from the camera is used to control the shutter between the laser and sample. Thus, the observation and the laser irradiation are synchronized.
III. RESULTS AND DISCUSSION
A. Evaluation of flow and temperature fields
Flow fields
We use fluorescent polystyrene (PS) particles (d = 0.99 ± 0.022 μm, F8823, Molecular Probes, Eugene, USA) as tracers and carry out particle-image velocimetry (PIV) (Flownizer 2D, Detect Co. Ltd., Tokyo, Japan) of video images obtained at 20 frames per second. Note that the motion of particles represents the flow field because no laser irradiation is used in the experiment described in this section. Figure 3 (a) shows a typical result for the flow velocity field u and its magnitude |u|, where device C is used and P is 1.0 ± 0.01 Pa. Various reference vectors are used for x < 0 μm and x > 0 μm. For x < 0 μm, flow toward the contraction is observed and the flow speed increases as r = x 2 + y 2 decreases. At x > 0 μm, the flow speed reaches 10 μm s −1 . Similar velocity fields are obtained for devices A and B with different values for P. In Table II , we summarize typical values obtained using PIV analysis. The mean flows through the contractionū x are compared between theory and experiment for various values of P. It is seen that devices A and B produce poor consistencies between the theory and experiment; namely, theoretical values overestimate the mean flow and relative errors are 16%-63%. This overestimation by the theory may be caused by the assumption, described in Appendix A, that minor losses can be ignored. This assumption may not be valid for devices A and B with short channel length L. In contrast, device C yields better results with relative errors less than 6%. This is due to the fact that device C has better flow-control ability, as discussed in Sec. II B. In Fig. 3(b) , the flow velocity profile in the x direction, u x = u x (y), averaged over the rectangular region in Fig. 3 (c) in the contraction, is presented for P = 10 Pa. The dashed curve in Fig. 3(b) is the fitting by the Poiseuille flow in a rectangular channel [81] averaged over the z direction. We conclude that the flow velocity measurement is well predicted by the Poiseuille-type flow for device C. It should be noted that, near the wall at y = ±5 μm, the experimental 044005-4 THERMOPHORETIC MANIPULATION... results are slightly larger than those of the Poiseuille-type flow profile. In micro-PIV measurement, such a deviation was reported previously (e.g., Ref. [82] ), where the error arises due to the low numerical aperture (NA) of our imaging system, Brownian motion, or nonuniform particle distribution in the cross section (y-z plane). We also present the flow speed for the wider channel, that is, x < 0. Figure 3 (c) shows the superposition of the snapshots for P = 10 Pa. From this figure, it is seen that the velocity of particles, that is, the flow vector, has only the r component except near the origin. This flow field can be explained as follows. We choose a length scale larger than the size of the contraction, W = 10 μm, and TABLE II. Relation between the pressure difference P and the flow speedū x in the contraction and the radial flow velocity component u r for devices A, B, and C. treat the contraction as a point sink source. As described in Appendix A, the flow is incompressible, Newtonian, and steady with a low Reynolds number (Re). In the wider channel, except at the entrance of the contraction, the spatial length scale in the z direction (H < 10 μm) is significantly smaller than that in the x or y direction (approximately W 1 = 1.5 mm). Therefore, the flow field varies slowly in the x and y directions. Then, we are allowed to assume that
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and the Navier-Stokes equation without inertia terms can be written as
where ν (= η/ρ) is kinematic viscosity and p is the pressure field. Equation a solution dependent only on the r direction, p = − log r. Substitution of this pressure field into the expressions of u x and u y leads to a flow field that is proportional to
The radial flow velocity component is defined as u r and u r at r = x 2 + y 2 = 20 μm is shown in Table II . It is seen that |u r | increases in step with P. The flow fields obtained by numerical analysis using the commercial code COMSOL MULTIPHYSICS 5.2 (COMSOL, Inc., Stockholm, Sweden) are described in Fig. 3(d) . For device C, the overall flow field and the dependence of r −1 on |u r | is well reproduced. In our experiments, |u r | = O(1) μm s −1 for all cases and |u r | has the same order of magnitude as the thermophoretic drift speed D T |∇T| obtained by the appropriate order of D T for microand nanoparticles in liquid, D T = 1 ∼ 10 μm 2 s −1 K −1 [13, 14] , and the temperature gradient |∇T| = 0.5 K μm −1 [39] . Note that the actual value of D T is system specific but the order of magnitude is rather universal and within the above range [13] . The radial flow velocity component u r in device C is presented for P = 0.5, 1.0, and 1.5 Pa in Fig. 4 . Fitting curves are obtained as −C r /r, where C r is a fitting parameter. This functional form is derived from the above discussion using the Navier-Stokes equation. The fitting curves are used in Sec. III B to estimate thermophoretic mobility D T .
Temperature fields
Nonuniform temperature fields of aqueous solutions are produced by focusing the laser on the microchannel by the method described in Sec. II C. The temperature fields are measured using the laser-induced fluorescence (LIF) method [30, 39, 83] . A mixed solution of the fluorescent molecule 2 ,7 -bis-(2-carboxyethyl)-5-(6)-carboxyfluorescein (BCECF) (Molecular Probes, Eugene, USA) and tris(hydroxymethyl)amino methane hydrochloride (tris-HCl) (pH = 8.0, Nippon Gene, Tokyo, Japan) is used as the temperature-sensitive sample. The concentrations of BCECF and tris-HCl are 20 μmol l −1 and 10 mmol l −1 , respectively. It should be noted that the present microfluidic device is thin, with a channel height less than 10 μm, so the obtained temperature fields are the average temperature in the z direction. It is qualitatively confirmed by numerical analysis using Comsol multiphysics 5.2 that the effect of natural convection on the particle motion is negligible and omitted from the results presented here. The average temperature field is denoted by T in the following. We add a small amount of tracer particles (10 −2 wt %, d = 1.0 ± 0.028 μm; F8821, Molecular Probes, Eugene, USA), which have fluorescence characteristics different from BCECF, so only BCECF can be observed by choosing an appropriate mirror unit (U-FBW, Olympus, Tokyo, Japan) and only the tracer particles can be observed with a different mirror unit (U-FGW, Olympus, Tokyo, Japan).
First, we observe the tracer particles to ensure that flow in the microchannel is not induced; that is, we confirm that P = 0 Pa. Then, we apply the pressure difference P and induce flow in the microchannel. Subsequently, we change the mirror unit to observe only the fluorescence of BCECF. As discussed in Ref. [39] , the temperature field rapidly approaches the steady state in a couple of seconds. We confirm that the steady state in the present study is established 1 s after the start of laser irradiation, as shown later in Fig. 5(c) . The subsequent images for 3 s are analyzed and averaged to obtain the temperature field presented subsequently. We use device C for the results presented in this section.
Figure 5(a) shows the maximum temperature T max = max 0≤r≤60 μm T and radial temperature gradient ∂T/∂r induced by laser irradiation for P = 0 Pa. Note that the temperature gradient is evaluated at r = r max = 7.7 ± 1.4 μm, at which the magnitude of temperature gradient |∂T/∂r| is maximum. The experiments in this study are conducted by irradiating the entrance of the contraction with the laser when P > 0 Pa, except for the case of P = 0 Pa in Fig. 5 , which is conducted in the wider part of the microchannel, not near the contraction. This is to elucidate the relation between the laser power and the temperature increase without disturbance by the presence of the contraction and flow field. In Fig. 5(a) , experimental data are shown by two sets of symbols. Linear fits to the maximum temperature laser power if laser power is less than 100 mW. The same can be said about the temperature gradient ∂T/∂r shown in the same figure. We expect that the radius r laser of the laser spot is similar to r max and we thus conclude that r laser ≈ 7.7 μm. The results for a laser power larger than 100 mW, shown in Fig. 5(a) , slightly deviate from the linear fits. This deviation is attributed to heat dissipating to the glass substrate and PDMS channel wall. In fact, when we use a laser power higher than 150 mW, we observe deformation of the PDMS after several minutes of laser irradiation. The deformation is suspected to be caused by heat and not by the laser itself, because the deformation disappears a couple of hours after we turn the laser off. Figure 5 (b) shows the temperature profile for a laser power of 50 mW. It is confirmed that the temperature is maximum at the laser irradiation point at r = 0 μm. Figure 5 (c) presents the time development of the temperature at r = 2 μm and r = 60 μm in Fig. 5(b) . For r = 2 μm, the error bars are relatively large because fewer pixels are used in the averaging process for smaller r. It is seen that the temperature rapidly increases within 1 s after the onset of laser irradiation. This time scale of the temperature increase is the same as that in our previous study [39] , which was carried out in microchannels with similar dimensions.
Next, we present the temperature fields when flow is induced by the nonzero pressure difference. The laser is incident upon the entrance of the contraction, that is, the origin in Fig. 3(a) . Temperature T is obtained as the function of r by analyzing the temperature profile in x < 0 μm. Figure 6 shows the temperature fields for typical parameter sets. Solid curves are the fitting to a Lorentzian curve [79, 80, 83] :
where T 1 is the temperature increase at the origin, T 0 is the temperature at infinity, and σ is the half-width at the midheight value of the temperature profile. It is seen that the fitting curves approximate the experimental data well. A comparison between Figs. 6(a) and 6(b) , where the laser powers are 50 and 100 mW, respectively, shows that the overall temperature profile is enhanced in Fig. 6(b) 
where P = 0.5 and 1.0 Pa, respectively, indicates that the pressure difference P yields a minor difference in the overall temperature field. It is remarkable that the magnitude of the temperature gradient for these cases can be greater than 1 K μm −1 . Such a large temperature gradient is observed in the manipulation of nanomaterials using a plasmonic effect [40, [84] [85] [86] [87] , where thermophoretic effects, near-field optical effects, and convections are considered to coexist. Our approach, in contrast, tries to simplify the situation by focusing only on thermophoresis.
B. Observation of laser-induced thermophoresis
A mixed solution of PS beads (F8823) and silica beads (d = 1 μm, 40-02-103, sicastar -redF, Micromod Partikeltechnologie, Rostock, Germany) is prepared. These two types of particles have different fluorescence characteristics, so we can choose which one to observe by using the appropriate optical setup. In the following, we basically observe only the PS particles using the U-FBW mirror unit. However, silica particles are also used and discussed in Sec. III C. The particle concentration is diluted to 0.1 wt % using a tris-HCl solution of 10 mmol l −1 . We show a typical result obtained using device C in Fig. 7 , where P = 1.0 Pa and the laser power is 100 mW. First, we confirm that the flow is absent, that is, P = 0 Pa, by observing the motion of particles. We then apply the pressure difference P > 0 Pa to induce a flow in the microchannel. The laser is turned on at t = 0 s to irradiate the origin indicated in Fig. 1(a) . The experimental protocol comprises three stages, as shown in Fig. 7 [79, 80, 83] . Note that ∂T/∂r = 0 holds at r = 0 due to the radial symmetry.
(i) particle translocation by the fluid flow resulting from a pressure difference P = 1 Pa at t < 0 s;
(ii) obstruction of particle translocation by laserinduced thermophoresis for 0 ≤ t ≤ 180 s, as shown in Fig. 7(b) ; and (iii) restart of particle translocation for t > 180 s, as shown in Fig. 7 
(c).
It is seen from Fig. 7(b) , which shows snapshots during stage (ii), that the thermophoretic force acting on the particles is in the direction opposite to the temperature gradient and, thus, the particles are repelled from the heated region, which is the laser-irradiated position at the origin. During the laser irradiation, some particles in the ringlike pattern seem to form clusters and/or stick to the microchannel walls. However, after we turn the laser off, the particle translocation restarts through the contraction without clustering or sticking to the microchannel wall as shown in Fig. 7(c) .
The results obtained with the same protocol for various P and different device types are summarized in Fig. 8 . We first focus on Figs. 8(a)-8(c) , where the results of device C for P = 0.5, 1.0, and 1.5 Pa are presented. The upper image in each panel is a snapshot at t = 180 s. Lower images are the relative fluorescence distributions with respect to time t and radius r, which are obtained by projecting snapshots during 0 ≤ t ≤ 180 s onto the t-r plane. For P = 0.5 Pa shown in Fig. 8(a) , a ring pattern with a radius of 58 μm is observed, where a thermophoretic repelling force from the origin in the negative r direction counterbalances the flow drag in the positive r direction (see Fig. 3 ). The dynamic ring formation can also be observed in Fig. 8(b) . The formation of the ring is the consequence of increased particle concentration at this position. We denote r peak as the ring radius. For the larger pressure difference P = 1.0 Pa shown in Fig. 8(b) , the ring radius shrinks to r peak = 27 μm. The result of the further pressure increase presented in Fig. 8(c) yields a ring of radius r peak = 12 μm. Next, the results for device B are described, as shown in Figs. 8(d)-8(f) . The pressure differences P are set to those presented in Table II . For P = 0.1 and 0.2 Pa, rings with radii of r peak = 68 μm and r peak = 25 μm are observed, respectively. For P = 0.5 Pa, the ring shape is collapsed, but particle translocation is still obstructed. In such a situation, the optical force may have an effect near r ≈ 0 μm. A similar result is obtained for device A, the results of which are presented in Figs. 8(g)-8(i) with P as given in Table II . For device A, ring collapse is observed with P ≥ 0.2 Pa. It should be noted that in Figs. 8(f) and 8(i), where the rings are collapsed, many particles translocate the contraction without obstruction by the laser. Therefore, more precise control of P in devices A and B is necessary to regulate the particle flow, while device C is less sensitive to small 044005-8 THERMOPHORETIC MANIPULATION... (a) Thermophoretic obstruction of particle translocation into and through a contraction. Experimental protocol comprising three stages: (i) particle translocation by the fluid flow resulting from pressure difference P = 1 Pa at t < 0 s; (ii) obstruction of particle translocation by laser-induced thermophoresis at 0 ≤ t ≤ 180 s, shown in panel (b) (laser on at t = 0 s); and (iii) restart of particle translocation for t > 180 s, shown in panel (c) (laser off at t = 180 s). Thermophoretic force acts upon particles in the direction opposite to the temperature gradient and thus the particles are repelled from the heated part, that is, the laser-irradiated position at the origin.
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pressure changes and is thus preferable for obstructing particle translocation by thermophoresis. We then carry out the same experiment using the smaller PS particles with a diameter of d = 100 nm (d = 0.099 ± 0.008 nm, F8803, Molecular Probes, Eugene, USA) with a concentration of 10 −2 wt % in device C. The results are shown in Fig. 9 . Note that the only difference between Figs. 8(a)-8(c) and Figs. 9(a)-9(c) is the particle diameters d. The ring patterns are again observed as in Figs. 8(a)-8(c) . However, the rings in Fig. 9 are less distinct due to the effect of diffusion. It should be noted that, in Figs. 9(b) and 9(c), some PS particles enter the contraction. These results indicate that, when external forces such as pressure difference are properly controlled, the present concept of particle control by laser-induced thermophoresis in the microchannel is effective not only for microparticles but also for nanoparticles. Thus, the results with the nanoparticles in Fig. 9 enlarge the range of applicability of the present concept to biomedical devices targeting biomolecules or viruses that have typical sizes of hundreds of nanometers [88] . For instance, the viruses of influenza are spherical or filamentous in shape with an equivalent diameter of 100 nm [89] ; those of HIV-1 are approximately spherical with an equivalent diameter of 125 nm [90] ; and Mimivirus, which is known as a large virus, has a particle size of 750 nm [91] . One of the authors, along with colleagues, developed a nanofluidic device for the detection of pollen allergen particles, which has a diameter of 330 nm on average [5] . Therefore, the sizes of these viruses and allergen particles are contained in the range investigated in this paper and the detection of these biological nano-objects is the scope of the application. The thermophoretic properties of the above samples are still unknown and should be investigated in future work. In contrast, the thermophoretic characteristics of DNA molecules [16, 18, 19, 21, 75, 83] and proteins [20, 42, 43] have been investigated and, thus, such biomolecules are expected to be controllable with the method proposed in 044005-9 relative intensity relative intensity relative intensity relative intensity this paper. However, the large temperature rise needed to induce thermophoresis can be a problem for some biological samples. Since the magnitude of thermophoresis is proportional to the temperature gradient, a further downsizing of the heat source is expected to solve this problem, by decreasing the temperature rise while maintaining the magnitude of the temperature gradient. Such a downsizing may be achieved by using an objective lens with a higher NA value to reduce the size of the focal spot and/or by using plasmonic nanostructures to localize the optical effect [40, [84] [85] [86] [87] .
We estimate the thermophoretic mobility D T (μm 2 s −1 K −1 ) from the above experiment with device C. Under the temperature gradient ∇T, the thermophoretic mobility is defined as v T = −D T ∇T, where v T is the thermophoretic velocity of the particle [13, 15] . As discussed in Sec. III 2, the temperature field can be considered as the function of r for x < 0; therefore, v T has only the r-component, which is denoted by v T,r (r) = −D T ∂T ∂r .
In contrast, as discussed in Sec. III 1, the flow velocity has only the r component, u r , for x < 0 and u r is a function of r. Therefore, the particle velocity v has only the r-component, that is, v r = v r (r). We assume that v r can be written as v r = u r + v T,r . Therefore, by detecting the position r 0 such that v r = 0 μm s −1 , we can evaluate the thermophoretic mobility D T from the relation D T = (u r / ∂T ∂r )| r=r 0 . Because we have v r = 0 at position r 0 , the particles are expected to accumulate at r = r 0 , which should coincide with the r = r peak shown in Figs. 8 and  9 . In summary, we obtain the values of D T by investigating the ring radius r = r peak . Note that we ignore optical forces acting on the particle. As estimated in Appendix B, Table III and Fig. 6 , respectively, we can calculate the magnitude of thermophoretic force as 7.4 fN at 313 K for P = 1.0 Pa and laser power of 100 mW. Table III shows D T for various laser powers, pressure differences P, and particle diameters d. First, let us focus on the case with d = 1 μm. It is seen that D T is within the range 0.9
, which is of the same order of magnitude as in other studies (e.g., [13, 16, 28, 29, 39] ). However, D T tends to be smaller for larger P, which needs some explanation. In the case of d = 1 μm, the particles have a diameter smaller than the channel height, but the channel height may not be high enough to exclude the volume effect of the particle. To be more precise, the particles in the ringed distribution may pile up in the microchannel. This pileup shrinks the TABLE III. Thermophoretic mobility D T obtained using device C for various conditions. The values in parentheses are the results obtained with the diluted particle dispersion.
Laser power (mW) effective channel height, and leads to increased flow speed because of the conservation of mass. The pileup effect must be enhanced for higher P and smaller r peak , since the particle density increases faster under such conditions. Therefore, a larger P results in smaller D T , as shown in Table III . To check the effect of the concentration of particle dispersion, we carry out the same experiment using a 20-fold diluted solution. The results are summarized in Table III in parentheses. It is seen that measured D T slightly increases to 1.6 ≤ D T ≤ 3.9 μm 2 s −1 K −1 , and the range of variation becomes smaller. Since the results with a weak laser power of 50 mW show similar values of D T for different P, the use of a weak laser power to create a larger ring radius (equivalently, a smaller pileup effect) may be effective for more accurate measurement of D T . Such a speculation on pileup effect is further supported by the results for the smaller particle of d = 0.1 μm presented in Table III . In contrast to the case of d = 1 μm, D T is almost constant with respect to P in the case of d = 0.1 μm, although D T slightly increases as P increases. Since the volume of the particle with d = 0.1 μm is very much smaller than that with d = 1 μm, the volume effect mentioned earlier is negligible for the case of d = 0.1 μm. The slight increase of D T is caused by the fact that D T usually tends to be larger as T increases [28] , which happens as r becomes smaller (Fig. 6) in this study.
It should be noted that a temperature gradient smaller than that used in this study is usually used for the investigation of the value of D T to avoid complexity. Here, the temperature gradient is chosen to be large to counterbalance the Stokes drag and thermophoretic force. Although we consider that D T is independent of the magnitude of the temperature gradient, as experimentally shown in, for example, Ref. [34] , the effect of the large temperature gradient should be further investigated in future work.
C. Control of particle translocation through contraction
This section characterizes and demonstrates how the present method controls particle translocation into and through the contraction. Characterization of thermophoretic obstruction of particle translocation into the contraction within a parameter space of laser power and pressure difference P. Inverted triangles denote that no obstruction is observed; triangles, particle translocation is partly obstructed; squares, particle translocation is obstructed, but a small leak is observed; and circles, particle translocation is fully obstructed. (b) Temporal development of relative fluorescence intensity for the region x < 0 is indicated in the inset. The fluorescence intensity is normalized by the intensity at t = 0 s. P = 1 Pa and the laser power is 10 (no obstruction), 35 (partly obstructed), and 100 mW (fully obstructed). At 10 mW, no change in the intensity is observed. At 35 mW, the intensity increases with time but saturates, where the number of particles coming into and going out of the analyzed region is equal. The intensity increases with a constant rate at 100 mW, which indicates the complete obstruction of the particle translocation into the contraction.
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Characterization of thermophoretic obstruction
Figure 10(a) shows a schematic classification of thermophoretic obstruction obtained by a systematic investigation of the laser power and the pressure difference. At low laser power (<30 mW), no obstruction of particle translocation is observed, as indicated by inverted triangles in the figure. As the laser power increases, particle translocation is partly obstructed by laser-induced thermophoresis, but leakage into the contraction is still observed. This condition is indicated by grey triangles in Fig. 10(a) , and we use squares to mark the cases with small leakage. When the laser power is high and/or the pressure difference is small, particle translocation into the contraction is fully obstructed. Figure 10(b) shows the temporal development of relative fluorescence intensity in the region x < 0 indicated in the inset. The fluorescence intensity is normalized by that at t = 0 s. P is set to 1 Pa, and the laser power is 10 (no obstruction), 35 (partly obstructed), and 100 mW (fully obstructed). At 10 mW, no change in the fluorescence intensity is observed; that is, no obstruction occurs. In contrast, at 35 mW, the fluorescence intensity gradually increases over time. However, in case 2. Hence, case 2 has better detection frequency. Case 3 results in a translocation speed ofū x = 2.4 μm s −1 , which is smaller than that of case 2, and a detection frequency of 10.5 counts min −1 , which is larger than that of case 1. Since the experiment duration is the same for all cases, case 3 is the best for increasing the detection frequency and reducing the translocation speed, achieving better overall performance for use in a sensor.
the intensity saturates at a certain value, where the number of particles entering and leaving the analyzed region is equal. At 100 mW, the fluorescence intensity increases at a constant rate. This increasing intensity behavior indicates the full obstruction of particle translocation into the contraction. The present characterization result can be used as a first step to establish the optimal design of the contraction for broader application in biomedical devices.
Selective particle translocation
The mixed solution of PS and silica particles explained in Sec. III B is used to demonstrate selective particle translocation into the contraction. Note that the PS particles are thermophobic; that is, they are repelled by the high-temperature region, while silica particles are not [39] .
First, we pile up the PS particles using the flow field induced by P = 0.5-1.0 Pa. The laser power is 75 mW. More than 15 min after the laser irradiation, a pileup of PS particles is observed, as shown in Fig. 11(a) . Note that only the PS particles can be seen due to our choice of the mirror unit. We then use the transmitted light to observe the silica particles [ Fig. 11(b) ]. Figure 11 (c) presents magnified views of the contraction, where translocation of nonfluorescent silica particles is observed. That is, the PS particles are repelled from the contraction entrance, while the silica particles are drawn to it. Figure 11 (d) again shows the dark-field view. The laser irradiation is halted at t = 0 s and the subsequent images of the contraction are presented for t = 5, . . ., 25 s. It is seen that, after we turn the laser off, the PS particles start to translocate into the contraction. The above demonstration shows that the proposed method using laser-induced thermophoresis near the entrance of the contraction can induce selective particle translocation.
Tuning translocation velocity and frequency
In this section, we assume that the flow speed is equal to the particle-translocation speed in the contraction. Therefore, the PIV results presented below can be interpreted as the particle translocation speed. We use device C for all the experiments described in this section. Figure 12 is an overview of the experiment described in this section, which aims to control both the translocation speed and translocation frequency of particles in the contraction [see Fig. 12(a) ]. It should be noted that we prefer a slow translocation speedū x . A slower translocation speed leads to higher resolution and accuracy of the detection and recognition of translocating objects, since the detection is based on the transient changes in ionic or tunneling current [60] during translocation. In contrast, we prefer a high translocation frequency f detect to carry out stochastic analysis of the detected signals [70] . Therefore, increasing f detect while slowingū x is desired for better detection performance of objects translocating the contraction geometry, such as in nanopore sensors. However, on the one hand, increasing f detect by a strong driving force induces a fast translocation speed. On the other hand, decreasing the translocation speed with a weak driving force causes a low detection frequency f detect . We propose a method to resolve this problem using the technique presented in this paper.
Three cases are tested as shown in Cases 1 and 2 are the reference experiments to be compared with our proposed method in case 3. Case 3 consists of two phases as shown in Fig. 12(b) : an accumulation phase to increase the number of particles near the contraction entrance (t < 250 s) by laser-induced thermophoresis and a detection phase to transport the particles (t > 250 s).
We evaluate the performance of particle translocation control using the values of the translocation speedū x and the translocation frequency f detect for these three cases. The translocation speedū x is obtained by the PIV analysis for the entire contraction channel and the translocation frequency f detect is obtained as follows. We prepare 16 sensing locations having an area of 0.51 × 0.51 μm 2 in the contraction channel. When we plot the relative fluorescence intensity at each sensing location as a function of time [see Fig. 12(c) , which shows the results for one particular sensing location], it shows a spikelike signal when a particle passes through the sensing location. We summarize the number of spikelike signals for all sensing locations to obtain f detect . The curves in Fig. 12(c) with black, blue, and red colors represent the results for cases 1, 2, and 3, respectively. A comparison between the results of cases 1 ( P = 0.3 Pa) and 2 ( P = 1.0 Pa) shows that the higher P results in much more frequent particle translocation as a natural consequence. The results of case 3 show that no particle translocation occurs while the laser is on, but many particle translocations are observed shortly after the laser is turned off.
In case 1,ū x = 1.5 μm s −1 is obtained from the PIV results, which is smaller thanū x = 5.3 μm s −1 obtained in case 2, and, thus, case 1 has a better detection accuracy. In contrast, f detect = 3.4 counts min −1 is obtained in case 1, which is less than f detect = 12.3 counts min −1 obtained in case 2. Hence, case 2 has better detection frequency. Case 3 results in a translocation speedū x = 2.4 μm s −1 , which is smaller than that of case 2, and a detection frequency of 10.5 counts min −1 , which is larger than that of case 1. Since the device and the experimental duration are same for all cases, case 3 is the best for increasing the detection frequency and reducing the translocation speed and it achieves better overall performance as a sensor.
IV. CONCLUDING REMARKS
In this study, we systematically investigate the nearinfrared laser-induced thermophoresis of micro-and nanoparticles in microchannels and its effect on particle translocation into and through a sudden contraction. The outcomes are summarized as follows:
(1) The relation between laser-induced thermophoresis of PS particles and flow/temperature fields is investigated for various parameters, such as laser power, pressure difference, contraction geometry, and particle size.
(2) The obstruction of particle translocation by laserinduced thermophoresis is characterized and classified by observing the PS particle pattern formed near the contraction.
(3) Demonstrations of the proposed particle manipulation technique with laser-induced thermophoresis are presented, namely, to selectively translocate particles in a mixture of different particles and to control the particletranslocation velocity and frequency.
The present method can be implemented without additional difficult fabrications, so it can be integrated into existing microfluidic devices having sensor or filter functions. Moreover, the dynamical control of the number density of nanomaterials using both flow fields and 044005-14 laser-induced thermophoresis with rapid on/off switching may lead to the development of controls for sequential chemical reactions in the microchannel. Because the laser is near infrared, the method is applicable not only to transparent devices but also to substrates opaque to visible light, such as silicon. In particular, silicon has a negligible absorption of light with wavelengths from 1.2 to 4 μm, which includes the wavelength 1475 nm used in this study [92] ; that is, the absorption coefficient is less than 3 × 10 −2 m −1 within this range of wavelengths [92, 93] . Further investigations of the other important parameters, such as salt concentrations of a solvent and particle nature, will be the topics of future study to extend the range of applications to biomedical fluid devices.
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APPENDIX A: ESTIMATION OF MEAN FLOW SPEED IN CONTRACTION
We approximate the present microfluidic channel of height H as follows. A contraction of width W and length L connects two wider channels of width W 1 and length L 1 . The cross-sectional areas for these channels are denoted by A = WH and A 1 = W 1 H , respectively. The solution in the microchannel is incompressible and Newtonian with a constant and uniform viscosity η = 8.5 × 10 −4 Pa s at 300 K. For the flow velocityū x = O(10) μm s −1 in the contraction, the Re based on the channel length is Re = ρLū x /η < 3 × 10 −3 . In other words, the flows in this study are assumed to be flows with a low Re number. We then assume that the flow is steady and fully laminar through the entire channel. The steady-state approximation is legitimized by the fact that the reservoirs are syringes with a cross-sectional area A res of 2 × 10 2 mm 2 , which is much larger than the cross-sectional area A of the contraction. In our study, A is evaluated as A < 10 −4 mm 2 (approximately 5 × 10 −7 × A res ). In other words, the pressure difference P can be assumed to be constant during the experiment. Note that the experiment for a time duration t 0 , for example, 5 min t 0 = 3 × 10 2 s, results in a change in a water-level difference h 0 = (ū x At 0 )/A res ≈ 1.5 × 10 −3 μm, which is negligibly small compared with the resolution of the control of h, that is, h min = 1 μm.
The pressure difference P between the inlet and outlet is compensated by pressure losses through the microchannel. Using Bernoulli's theorem, we can associate the pressure losses with the mean flow velocity. In this study, we ignore minor losses such as velocity head or entrance and enlargement losses and we take only friction losses into account as the pressure loss. The friction losses are proportional to the hydraulic resistance, which can be explicitly obtained for channels with rectangular cross sections [81] . We let R 1 and R denote the hydraulic resistances for the wider channels and contraction, respectively, and u 1,x andū x denote the mean flow speed in the x direction for the corresponding channels. Then, Bernoulli's theorem is analogous to Ohm's law [76, 77] to find P = R 1 A 1ū1,x + RAū x + R 1 A 1ū1,x , where the first and third terms in the right-hand side are the friction losses in the wider channels and the second term is friction loss in the contraction. Note that the equation of continuity leads to A 1ū1,x = Aū x . These equations are solved to obtain the relationū x = α P used in the main text. r = 12.5 μm and it rapidly decreases as r increases. Therefore, when compared with the drag and thermophoretic forces, the optical force can be negligible for r > 12.5 μm, which is the region of main concern in this study.
